Surfactant synthesis is critically dependent on the availability of fatty acids. One fatty acid source may be circulating triglycerides that are transported in VLDL, and hydrolyzed to free fatty acids by lipoprotein lipase (LPL). To evaluate this hypothesis, we incubated immortalized or primary rat alveolar pre-type II epithelial cells with VLDL. The cells were observed to surface bind, internalize, and degrade VLDL, a process that was induced by exogenous LPL. LPL induction of lipoprotein uptake significantly increased the rates of choline incorporation into phosphatidylcholine (PC) and disaturated PC, and these effects were associated with a threefold increase in the activity of the rate-regulatory enzyme for PC synthesis, cytidylyltransferase. 
Introduction
Lung surfactant is a surface tension lowering mixture of lipids and hydrophobic proteins that lines the alveolar surface and maintains alveolar patency (1) . Deficiency of surfactant is typically observed in the neonatal respiratory distress syndrome. In addition, a functional surfactant deficiency appears to be a pathogenic feature in a variety of acute and chronic adult lung disorders (2) (3) (4) (5) . Disaturated phosphatidylcholine (DSPC) 1 , the major lipid component of surfactant that lowers alveolar surface tension, is synthesized by alveolar type II epithelial cells (1) . To maximally synthesize DSPC, these cells require adequate amounts of glucose, which serves as a source for the glycerol backbone of phosphatidylcholine (PC). In addition, DSPC synthesis requires long chain fatty acids that are derived from de novo synthesis, or uptake of free fatty acids either complexed to albumin, or possibly derived from triglycerides, in circulating lipoproteins (6) .
VLDL are large, triglyceride-rich particles (30-100 nm) that are synthesized in the liver. Chylomicrons, which are somewhat larger than VLDL, are triglyceride-rich particles produced by the intestine. The clearance of VLDL-or chylomicron-triglyceride fatty acids from the microcirculation is regulated by a 101-kD serine hydrolase, lipoprotein lipase (LPL), which is anchored to endothelial and other cell surfaces by proteoglycans. LPL reacts with long chain triglycerides generating monoacylglycerols and unesterified fatty acids (7) . There is evidence that in the presence of LPL, VLDL clearance is receptor mediated, since a variety of proteins, including the low density lipoprotein receptor, the LDL receptor-related protein (LRP), VLDL receptor, and glycoprotein 330 (gp330), which is also called megalin or LRP-2, all appear to bind and participate in the cellular internalization of these triglyceriderich particles (8) (9) (10) (11) (12) (13) . The role of gp330 may be of special relevance to VLDL metabolism in the lung since this receptor has been identified on the microvillus border of alveolar type II epithelial cells and in the immortalized pre-type II epithelial cells used in the current studies (14, 15) . Solid-phase cell-free binding assays have demonstrated that LPL-VLDL complexes serve as ligands for gp330 (16) . Catabolism of LPL-VLDL complexes is also modulated by receptor-associated protein (RAP), an antagonist for all known ligands that bind to the LDL receptors, VLDL receptor, LRP, or gp330 (8, 10) .
There is evidence that VLDL may provide the free fatty acid substrate required for surfactant PC synthesis, although to date this hypothesis has not been directly tested. For example, prior studies reveal that the pulmonary vascular bed is exposed to high levels of circulating plasma triglycerides (17, 18). Other investigations using the isolated perfused rat lung system have demonstrated that the lung is actively involved in the catabolism of triglycerides in VLDL (19) (20) (21) (22) . Further, in vivo and in vitro studies indicate that rat lung expresses high levels of LPL activity (18, 21, 22) . This activity is detected primarily in lipid interstitial cells and alveolar macrophages (23) (24) (25) . In related studies, Torday et al. (26) (26) . These results suggest that fibroblasts could serve as a reservoir for triglycerides destined for surfactant synthesis in alveolar type II epithelial cells.
We hypothesize that triglyceride-rich lipoproteins, VLDL and chylomicrons, stimulate surfactant synthesis by direct interaction with alveolar pre-type II epithelial cells. There are at least two mechanisms whereby VLDL or chylomicrons could supply fatty acids for surfactant production. In the first, lipoproteins would undergo lipolysis by LPL attached to cell surface proteoglycans on pulmonary endothelium, and the released fatty acids would gain access to the pre-type II cells by diffusion. Such a mechanism would be consistent with data provided by Torday et al. (26) and others. In a second mechanism, VLDL, chylomicrons, or their lipolytic remnants would penetrate the endothelial barrier, allowing the LPL-VLDL complexes to interact directly with lipoprotein receptors on pre-type II cells including LDL receptors, LRP, and gp330 as described above. It is known that free fatty acids released during lipolysis increase endothelial permeability in vitro (27) .
Recently, it has been demonstrated that intact VLDL particles and their remnants may penetrate the aortic endothelial barrier, suggesting that VLDL may also penetrate the pulmonary endothelium (28, 29) . In addition, LPL, which is produced by alveolar macrophages, is present in normal bronchoalveolar lavage fluid, where it may facilitate the cellular uptake of lipids derived from surfactant or lipoproteins (30) . In the absence of normal LPL activity, as occurs in cld/cld mice, large triglyceride-rich lipoproteins may actually be seen within the alveolar lumen (31) .
In the present study, we demonstrate that VLDL are surface bound and internalized by immortalized or primary rat alveolar pre-type II epithelial cells. The lipoproteins stimulate surfactant production in these cells by activating the rate-limiting enzyme required for PC synthesis, CTP:phosphocholine cytidylyltransferase (CT) (E.C. 2.7.7.15) (32).
Methods
Materials. Lipoproteins were obtained from fasted normolipemic human subjects, all of whom had the most common apoE phenotype (E3/3) as determined by isoelectric focusing gel electrophoresis (8) . Intermediate size VLDL with S f 60-100 (from the d Ͻ 1.006 g/ml fraction of plasma) and lipoprotein-deficient serum (LPDS, d Ͼ 1.21 g/ml) were isolated by ultracentrifugation (9) . In some early experiments, large VLDL with S f 100-400 were used. Because large and intermediate VLDL gave similiar results, the data were combined. Low density lipoproteins with d ϭ 1.02-1.05 g/ml were used in some studies for comparison with VLDL and were obtained from the same subjects using previously described methods (8, 9) . Radiolabeled lipoproteins were prepared as reported (8) . Lipoproteins were stored at 4 Њ C and used within 6 wk after isolation. The lovastatin was a gift from Merck, Sharp, and Dome Research Labs (Rahway, NJ). Bovine milk LPL was isolated as described previously (33) . RAP was prepared using a bacterial expression system (8) . The carboxyl-terminal portion of human LPL (amino acid residues 313-348), termed LPLC, was generated as a fusion protein with glutathione S -transferase (GST) in Escherichia coli (11) . The tryptophan residues at positions 393 and 394 of LPL were changed to alanine using site-directed mutagenesis to generate GST-LPLCww (11) . Human alpha-2-macroglobulin ( ␣ 2 M) was provided by Dudley K. Strickland (American Red Cross, Rockville, MD) and activated by treatment with methylamine as previously described (8) (34) .
Cell culture. Immortalized rat fetal alveolar pre-type II epithelial cells were generated by infection with a retroviral construct expressing the adenoviral 12S E1A gene product (35) . The features of these cells, including abundant glycogen stores, absence of lamellar bodies, and lectin binding, which are typical characteristics of alveolar pretype II epithelial cells in primary culture, have been described (35) . In the current studies, we used cells that have undergone ‫ف‬ 110 passages. Cells were maintained in Waymouth's 752/1 medium with 10% fetal calf serum at 37 Њ C in atmosphere containing 5% CO 2 . After reaching confluence, the cells were harvested using 0.25% trypsin with 0.1% EDTA and plated onto 35-mm tissue culture dishes ( ‫ف‬ 175,000 cells/dish). After incubation overnight, the media was removed and the cells rinsed twice with medium containing 0.1% fatty acid free albumin, and then incubated with medium containing either 10% FCS, or LPDS (2 mg/ml). After a 48-h incubation, the cells were incubated further under similar conditions, or exposed to medium with LPDS in the presence of VLDL (30 g/ml), lipoprotein lipase (0.5 g/ml), or VLDL (30 g/ml) plus LPL (0.5 g/ml) for various time periods. The LPL was added during the last 2 h of the incubation. For comparison, we also performed studies in freshly isolated (day 19 gestation) rat fetal pre-type II cells (36) . After isolation, these cells were plated and cultured under similar experimental conditions as described above.
Subcellular preparations. After incubation of cells under the conditions above, the media was removed and the cells rinsed twice with cold phosphate-buffered saline (4 Њ C) containing 0.1% fatty acid free albumin. The cells were scraped from the dishes using a Teflon ® cell scraper, centrifuged to isolate a cell pellet, and resuspended in buffer before sonication as described previously (37). The cytosolic and microsomal cellular fractions were then isolated as described (37). Some preparations were stored under nitrogen gas at Ϫ 80 Њ C for enzyme and lipid analysis.
Cell-surface binding, internalization, and degradation of lipoproteins. The cellular catabolism of lipoproteins was determined as described previously (8) . Briefly, cells were plated on 25-mm plastic wells at a density of 2.5 ϫ 10 4 cells/ml and incubated at 37 Њ C in Waymouth's 752/1 medium containing 10% fetal bovine serum. The cells were grown to confluence in 6 d. In some studies, LDL receptors were downregulated for 24 h before the assay with medium containing 20 g/ml of LDL, or upregulated for 48 h with medium containing 2 mg/ml LPDS with 1 g/ml lovastatin in the medium for the final 24 h. Steady state levels of 125 I-VLDL surface binding, internalization, and degradation were determined after incubating cells with radiolabeled ligands and various amounts of LPL for 5 h at 37 Њ C (8). Surface-binding and internalization were defined as radioactivity that was released or remained cell associated, respectively, after a brief incubation of cells at 4 Њ C in buffer containing 10 mg/ml of tripolyphosphate. Degradation was defined as the trichloroacetic acid-soluble radioactivity in the incubation medium. In some studies, cellular catabolism was evaluated using the LDL receptor antagonist RAP. As an indicator of LRP activity, cellular catabolism of 125 I-␣ 2 M* was assessed (8, 10) . De novo synthesis of fatty acids and phosphatidylcholine. Cells were cultured as described above in Waymouth's 752/1 medium containing either 10% fetal calf serum or 2 mg/ml LPDS. After an initial incubation period, the cells were incubated again under similar conditions, or with the addition of VLDL (30 g/ml), LPL (0.5 g/ml), or VLDL (30 g/ml) plus LPL (0.5 g/ml) for 4 or 24 h. The cells were then pulsed with either 5 mCi/dish of [ 3 H]water, or 2 Ci of [methyl-3 H]choline chloride for the final 4 h of incubation. After labeling, the medium was removed and the cells were rinsed, scraped, and sonicated as described above. Total fatty acids were extracted and saponified in 4% KOH in 90% methanol for 2 h at 85 Њ C. The fatty acids were acidified and extracted in hexane as described (38) . After removing excess acid, the fatty acid residue was applied to silica LK5D plates and developed in hexane:ethyl ether-formic acid (160:40:4, vol/ vol/vol) (38) . After the plates were dried and fatty acid standards visualized, samples with corresponding R f were scraped from the silica gel and placed directly in counting vials for scintillation counting. Phospholipids were extracted from equal amounts of cellular protein using the method of Bligh and Dyer (39). The lipids were dried and resolved using thin layer chromatography as described (40) . Samples that comigrated with PC standard were scraped from the silica gel and directly counted. The levels of DSPC were determined using osmium tetroxide (40) .
Cytidylyltransferase assay. The activity of CT was determined by measuring the rate of incorporation of [methyl- 14 C]phosphocholine into CDP-choline using a charcoal extraction method (37, 38). Each reaction mixture consisted of 1.6 mM [methyl- 14 C]phosphocholine, 3.0 mM CTP, 12 mM Mg acetate, 50 mM imidazole, 150 mM KCl, and 2 mM EDTA, pH 7.0. In a total assay volume of 100 l, the reaction was initiated by the addition of 20 l ( ‫ف‬ 45 g) of cellular protein at 37 Њ C, and terminated after 1 h by the addition of 10% trichloroacetic acid. The reaction was linear with respect to time and the amount of enzyme protein added to the assay mixture. The recovery of the product, CDP-choline, was ‫ف‬ 71%. Unless stated otherwise, all assays were performed without the inclusion of a lipid activator in the reaction mixture.
Immunodetection of CT. Proteins were quantitated using the Bradford assay (41) . Total cellular protein extracts were loaded and separated on 10% SDS-PAGE (300-400 g/lane). The separated proteins were transferred from the gel to a nitrocellulose membrane at 4 Њ C over 5-7 h (37). The membranes were then blocked for 2 h in Blotto at 25 Њ C, and subsequently exposed to rabbit anti-CT peptide (1:500) overnight. The membranes were rinsed 4 ϫ in Blotto and exposed to goat anti-rabbit horseradish peroxidase antibody (1:600) for 1 h. The membrane was washed twice in Blotto, twice in Tween-20 TBS, and twice in tris-buffered saline for 10 min each. The membrane was then exposed to the chemiluminescence reagents for 1 min and exposed to autoradiographic film (40 min) to detect immunoreactive proteins.
Statistical analysis. The data are expressed as the mean Ϯ SEM. Statistical analysis was performed using the one-way ANOVA with the Bonferroni adjustment for multiple comparisons (42) .
Results

Cell-surface binding, internalization, and degradation of lipoproteins.
In the basal state, immortalized pre-type II epithelial cells bound, took up, and degraded native 125 I-labeled human VLDL and LDL. VLDL catabolism was markedly induced by the addition of LPL as expected based on our previous results with fibroblasts, chinese hamster ovary cells, and human umbilical vein endothelial cells (8, 12, 13) . As shown in Fig. 1 I-labeled VLDL degradation consistent with the fact that VLDL are better substrates for LPL. In other studies (not shown), the concentration of LPL was fixed at 0.3 g/ml as 125 I-labeled VLDL concentrations were increased. In the presence of 0.3 g/ml, LPL degradation was shown to be saturated above an 125 I-labeled VLDL concentration of ‫ف‬ 7 nM. To determine the contribution of LDL receptors to lipoprotein catabolism by pre-type II cells, we performed several experiments in which catabolism in the absence of LDL receptor upregulation was compared with catabolism during culture in cholesterol-free medium (Fig. 2 A ) . Upregulation of LDL receptors by culturing cells in cholesterol-free medium resulted in a 1.6 Ϯ 0.2-fold increase in LPL-induced 125 I-labeled VLDL degradation (Fig. 2 A ) and a 3.1 Ϯ 0.9-fold increase in 125 I-labeled LDL degradation in three separate experiments (data not shown). Similar results were seen for surface binding and uptake of lipoproteins (data not shown). As previously observed in other cell lines, enzymatic activity of LPL was not required for induction of catabolism under either culture condition (Fig. 2 A ) (11) (12) (13) . A fusion protein of GST with the catalytically inactive carboxy-terminal domain of LPL (GST-LPLC) markedly induced catabolism of 125 I-labeled VLDL, but required ‫ف‬ 100-fold higher concentrations consistent with previous results (11) (12) (13) (Fig. 2 A ) . Incubation with GST alone had no effect (Fig. 2 C ) . In the absence and presence of LDL-receptor upregulation, we were able to inhibit LPL-induced catabolism of 125 I-labeled VLDL using two previously described inhibitors of the LDL receptor and LRP pathways, RAP (Fig. 2 B ) , or a variant of GST-LPLC in which tryptophans at residues 393 and 394 were changed to alanine (GST-LPLCww) (Fig. 2 C ) . GST-LPLCww can no longer bind to lipoproteins, but retains the ability to bind cell surface proteoglycans, LDL receptors, and LRP (11) (12) (13) . As a result, it is a potent antagonist of receptor-mediated clearance via these receptors; the effective concentration for 50% inhibition of LPL-induced catabolism was 72 Ϯ 12 and 85 Ϯ 45 mg/ml in the presence or absence of LPDS, respectively ( n ϭ 4). In contrast with GST-LPLCww, inhibition of LPL-induced 125 I-labeled VLDL catabolism by RAP (Fig. 2 B) was only partial in the presence or absence of LPDS with 33-69% inhibition (n ϭ 4) at the highest concentration of RAP tested (300 g/ml). Data in Fig. 2 D indicate that 125 I-␣ 2 M* catabolism by type II cells is also inhibited by RAP and GSTLPLCww, as expected from studies in other cell lines (8, 10-13). Because LRP is the sole receptor for ␣ 2 M* clearance, these data establish that type II cells have an active LRP pathway. However, culture of these cells in cholesterol-free medium had no effect on 125 I-␣ 2 M* catabolism (Fig. 2 D) as expected because the LRP pathway is not sterol regulated (10, 13) .
In addition to the studies on immortalized alveolar pretype II epithelial cells described above, we performed similar experiments in primary cultures of pre-type II cells (Fig. 3) . These experiments confirmed the ability of the cells to take up and degrade VLDL and LDL in a sterol-regulated manner (data not shown). VLDL degradation was enhanced by the addition of either LPL or GST-LPLC, and partially inhibited by RAP (Fig. 3) . Effects of LPL on 125 I-VLDL surface binding and uptake were similar to its effects on degradation (data not shown). Due to the more limited availability of primary pretype II cells, most experiments were performed using the immortalized cell line.
Effect of VLDL on de novo synthesis of fatty acids. The studies above using 125 I-labeled ligands confirmed the presence of intact LDL receptor and LRP pathways in pre-type II cells. We next focused on the effects of lipoproteins on fatty acid and surfactant phospholipid synthesis. Incubation of immortalized cells with VLDL for 4 or 24 h led to a significant decrease in the biosynthesis of fatty acids (Fig. 4) . We selected these time points since it has been previously shown that de novo fatty synthesis is subject to both short-and long-term regulation (44) . The rates of incorporation of 3 H 2 O into total saponifiable fatty acids were highest in cells incubated in LPDS. After a 4-h incubation with VLDL alone, the rates of incorporation of 3 H 2 O into fatty acids decreased by two thirds compared with cells cultured in LPDS with or without LPL (P Ͻ 0.005). Moreover, cells exposed to both VLDL and LPL exhibited an over fourfold reduction in fatty acid production compared with similar controls (P Ͻ 0.001). As shown in Fig. 4 , similar effects were observed on de novo fatty acid synthesis rates after 24-h incubations with VLDL (P Ͻ 0.001 vs. LPL) or in the presence of VLDL and LPL (P Ͻ 0.05 vs. FCS). These results suggest that pre-type II cells compensate for the increased fatty acid delivery from VLDL by decreasing endogenous fatty acid synthesis. Effect of VLDL on phosphatidylcholine synthesis. In contrast with the suppression of fatty acid synthesis by LPL-stimulated VLDL uptake, incubation of immortalized cells with VLDL in the presence of LPL produced a significant increase in the rate of choline incorporation into PC (Fig. 5) . We compared the short-term effects of VLDL and LPL on choline incorporation into PC in immortalized cells with primary isolates of fetal alveolar type II epithelial cells (Fig. 5, A and B) . Compared with control conditions, VLDL and LPL increased activity twofold in immortalized cells cultured in the presence of FCS or LPDS. Exposure of these cells to VLDL or LPL alone did not increase choline incorporation into PC (Fig. 5 A) . In separate studies using immortalized cells, long-term (24 h) exposure to VLDL and LPL increased choline incorporation into PC and DSPC by 136 and 59%, respectively, above the levels achieved when cells were cultured with FCS or LPDS alone (P Ͻ 0.001, data not shown).
As seen with immortalized pre-type II cells, incubation of freshly isolated pre-type II cells with VLDL and LPL either in FCS or LPDS for 4 h stimulated choline incorporation into PC nearly fourfold compared with control (Fig. 5 B) . Compared with cells cultured in FCS, these primary isolates also had modestly increased basal rates of choline incorporation when cultured in LPDS alone, with or without the addition of LPL or VLDL. In the presence of exogenous LPL, VLDL increased by 60% the incorporation of [ 3 H]choline into DSPC (data not shown). These results suggest that both immortalized and primary pre-type II cells increase surfactant production to a similiar degree in the presence of VLDL and LPL, and that upregulation of the LDL receptor pathway had no or only a small effect under the conditions used here.
Cytidylyltransferase activity. Exposure of immortalized pretype II cells to VLDL and LPL stimulated PC production by increasing the activity of CT, the rate-limiting enzyme for PC synthesis. In preliminary studies, we observed that activation of the enzyme by VLDL was dose dependent, with highest activities detected when cells were exposed to 30-40 g/ml of lipoprotein (data not shown). Subsequently, time-course studies revealed that cells cultured in FCS or LPDS in the presence or absence of LPL alone exhibited relatively low levels of CT activity that did not fluctuate greatly over the entire incubation period (1-24 h, Fig. 6 A) . Cells exposed to VLDL alone tended to have higher levels of CT activity over time in culture. As expected from the data presented above, the combination of LPL and VLDL in the culture medium produced a substantial increase in CT activity. At 1 and 2 h, VLDL with LPL stimulated CT activity by 78 and 116%, respectively, above control cultures (P Ͻ 0.05 vs. LPL group, Fig. 6 A) . This effect was even more pronounced at 4 and 24 h when VLDL and LPL activated the enzyme by threefold compared with the LPL group (P Ͻ 0.001). Additional studies revealed that CT activation by VLDL and LPL was associated with redistribution of enzyme activity from the cytosolic to the microsomal subcellular fraction as expected based upon our current understanding of the mechanism of CT activation (45) . Incubation of cells with VLDL and LPL for 24 h decreased cytosolic activity ‫ف‬ 38% compared with control conditions, and this was associated with a twofold increase in microsomal activity (P Ͻ 0.001, data not shown). Similar to the results in immortalized cells, VLDL and LPL increased CT activity in primary isolates of fetal alveolar type II epithelial cells (Fig. 6 B) . However, the culture of cells in LPDS stimulated basal CT activity consistent with results in Fig. 5 B. Immunodetection of CT. Western blotting of cell lysates from immortalized cells was performed to determine if the lipoproteins increased CT activity by increasing the amount of enzyme. The levels of total cellular immunoreactive enzyme in lysates remained unchanged after treatment of cells with VLDL either in the presence or absence of LPL (Fig. 7 A) . Analysis performed on subcellular preparations revealed that the majority of enzyme mass in cells treated with FCS, LPDS, or VLDL plus LPL was detected in the microsomes, consistent with the subcellular distribution of CT activity as discussed above. Cells treated with VLDL and LPL contained significantly lower levels of cytosolic CT mass compared with either the FCS-or LPDS-treated cells (Fig. 7 B) . VLDL and LPL addition to cells resulted in a substantial increase in the amount of immunoreactive CT in the microsomal extracts compared with controls. Densitometric analysis of the immunoblots confirmed that a greater proportion of the enzyme mass was detected in microsomes after VLDL and LPL treatment (Fig. 7 B,  bottom) . Thus, these results suggest that LPL induced cellular uptake of VLDL-activated CT by promoting the association of the enzyme with the intracellular membrane.
Effect of VLDL and LPL variants on cytidylyltransferase activation. It has been shown that LPL contains catalytic, re- ceptor-binding, and lipoprotein-binding domains (8, (11) (12) (13) . Therefore, we compared the effects of native LPL with GST-LPLC. We also studied the LPLC variant, GST-LPLCww. Consistent with earlier data, immortalized pre-type II cells exposed to VLDL and LPL stimulated CT activity twofold over control (see Figs. 6 and 8) . GST-LPLC, GST-LPLCww, or GST did not stimulate CT activity in the presence of VLDL. In control experiments, immortalized cells exposed to LPL, GST-LPLC, GST-LPLCww, or GST alone did not increase CT activity above control values (data not shown). GST-LPLCww inhibited CT activation by native LPL and VLDL by 21% (Fig. 8) .
Discussion
Long-chain fatty acids serve two integral roles in surfactant lipid synthesis: first as substrates used in the biosynthesis of phospholipids and, second, as activators of key enzymes involved in PC synthesis (46) . Depending on the stage of lung development, the major source of lung fatty acids used for these purposes may be derived either from plasma fatty acids or endogenous synthesis (6, 46) . Although interest in the potential role of fatty acids derived from circulating triglyceriderich lipoproteins such as VLDL in regulating surfactant metabolism originated nearly 20 yr ago (18), to date there has been a paucity of data that addresses this issue. Earlier studies by Compton et al. using an isolated perfused rat lung system reported that [ 14 C]tripalmitin is incorporated into lung phospholipids (47) . Using a similar approach, Hass and Longmore reported that [ 3 H]cholesterol contained in LDL preparations became incorporated into surfactant when added to the medium of perfused rat lungs (48, 49) . In addition, a recent study also demonstrated that LDL stimulates surfactant secretion in adult type II cells in vitro, and that these effects were temporally associated with activation of phosphatidylinositol turnover (50) . The present study, however, represents the first demonstration that lipoproteins stimulate surfactant synthesis through interactions with LPL and to a lesser degree with cell surface lipoprotein receptors.
To investigate the role of VLDL in vitro, we performed studies using an immortalized fetal alveolar pre-type II epithelial cell line and primary isolates of pre-type II cells (35, 36) . The immortalized cell line was used both because of the limited availability of primary cells and their progressive loss of differentiated functions (e.g., PC synthesis) within hours after culture (51) . This was of special concern in the present investigations because, unlike the rapid effects of LDL on surfactant secretion (50), VLDL effects on PC synthesis only became maximal after 24-h incubations. The cell line we used displays a number of characteristics of immature alveolar type II epithelial cells, including a relatively low activity of CT compared with more mature alveolar type II epithelial cells (Mallampalli, unpublished data) . In addition, we previously established that they express gp330/LRP2, a receptor for LPL and VLDL that also serves in the endocytic clearance of at least two fibrinolytic proteases (14) . Such proteases may be responsible for the cleavage of proteins that are inhibitory for surfactant function (52) .
Radiolabeled ligand experiments demonstrate that both immortalized cells and primary isolates of pre-type II cells effectively surface bind, internalize, and degrade VLDL, and that these effects are induced severalfold by the inclusion of LPL in the culture medium (Fig. 1) . LPL has little effect on LDL catabolism, as might be expected because LDL is a poor substrate for this enzyme. Because of its heparin-binding properties, it is likely that LPL promotes the internalization of VLDL by binding first to cell surface-associated proteoglycans, which facilitate diffusion of LPL-VLDL complexes along the cell surface until they encounter a lipoprotein receptor that mediates internalization and degradation of the complexes (7, 8) . During this process, active lipolysis of the VLDL will release free fatty acids and perhaps also expose sites on apoE and apoB100 that recognize receptors. This scenario has been described in other in vitro systems (8, 53) .
Available data indicates that alveolar type II epithelial cells express three members of the LDL receptor family. VoynoYasenetskaya et al. (50) and the current studies indicate that LDL receptors are present in fetal and adult type II cells. Data in Fig. 2 establish that LRP actively mediates ␣ 2 M* catabolism in pre-type II epithelial cells, and our previous work established that gp330/LRP-2 is present and functional (14) . Of these, gp330/LRP-2 is of particular interest due to its restricted expression by type II cells and certain other specialized epithelia. Willnow et al. observed that homozygous gp330/LRP-2 knockout mice die shortly after birth from respiratory failure associated with severe atelectasis and emphysema (54) . Unlike LDL receptors, both LRP and gp330/LRP-2 have been implicated in the clearance of certain proteases and fibrinolytic factors that may be important in the lung. However, all three receptors bind LPL-VLDL complexes and may provide redundant mechanisms for lipid uptake by alveolar pre-type II epithelial cells. The current studies do not completely distinguish the relative contributions of each receptor type to VLDL uptake and catabolism. However, the fact that RAP, a selective antagonist for all members of the LDL family (8, 13, 14, 16) , partially blocks this process establishes a role for these receptors in VLDL catabolism in pre-type II cells. The observation that GST-LPLCww inhibits VLDL degradation both in Figure 8 . Effect of VLDL, GST-LPL, or GST-LPLCww on cytidylyltransferase activation. Immortalized pre-type II cells were incubated in Waymouth's medium containing LPDS alone or in the presence of various combinations of LPL (0.5 g/ml), VLDL (30 g/ml), GST (100 g/ml), GST-LPLC (15 g/ml), or GSTLPLCww (100 g/ml) for 4 h. CT activity was assayed in total cell lysates in the absence of lipid activator in the assay mixture. The data are expressed as the meanϮSEM. Each data point is representative of three separate experiments. Statistical analysis was performed using ANOVA. *P Ͻ 0.01 vs. all groups.
the presence and absence of LDL receptor upregulation (Fig.  2 C) and blocks ␣ 2 M* catabolism (Fig. 2 D) further indicates that GST-LPLCww inhibits both the LDL receptor and LRP pathways. The activity of the gp330/LRP-2 pathway was not specifically assessed but likely was also inhibited by GSTLPLCww as suggested by the data in Fig. 2 C. Delivery of VLDL triglycerides to pre-type II cells has opposite effects on fatty acid and PC synthesis. Exposure of lipoproteins to pre-type II cells produces a substantial decrease in de novo fatty acid synthesis. Cells incubated in the presence of LPDS tend to exhibit the highest rates of incorporation of 3 H 2 O into total fatty acids, whereas cells cultured in the presence of VLDL express the lowest rates of activity. These changes may represent a compensatory response to the availability of exogenous fatty acids. In contrast to de novo fatty acid synthesis, incubation of cells with VLDL leads to a significant increase in PC and DSPC synthesis. Phosphatidylcholine synthesis is stimulated by the inclusion of LPL in the culture medium after both short (i.e., 4 h, Fig. 5 ) and long (24 h) term incubation (data not shown). The effects on DSPC synthesis are significant because they represent a more reliable indicator of surfactant production. VLDL alone does not appear to significantly alter PC production, suggesting that LPL must be present for the fatty acid products of lipolysis to be released from triglycerides, gain cellular entry, and subsequently become available in sufficient quantities for PC biosynthesis. On the other hand, VLDL alone suppresses de novo fatty acid synthesis because even in the absence of LPL some of the lipoprotein is internalized and degraded within lysosomes (Fig. 1) . Presumably, the released fatty acid can then regulate endogenous fatty acid metabolism, but it is used by the cell for purposes other than PC synthesis.
To further investigate the mechanisms by which VLDL facilitates delivery of fatty acids to CT, we performed studies using GST-LPLC, a catalytically inactive carboxy-terminal domain of LPL that retains the ability to bind lipoprotein receptors and promote cellular uptake and degradation of VLDL (12) . Studies were also done using a variant of LPLC that lacks the ability to bind VLDL (GST-LPLCww). GST-LPLCww is an antagonist of receptor-mediated catabolism via the LDL receptor or LRP pathways (11) (12) (13) . Compared with native LPL, exposure of cells to VLDL with GST-LPLC did not result in enzyme activation, despite inducing VLDL uptake and degradation to a comparable degree (Fig. 2 A) . This suggests that active lipolysis of VLDL is required for enzyme activation under the conditions used here. Moreover, the receptor antagonist GST-LPLCww decreased CT activation by only 21%, despite Ͼ 90% inhibition of VLDL degradation (Figs. 2 B and 8) , further suggesting that active extracellular lipolysis is more important than intracellular VLDL degradation as a means to activate CT.
Culture of pre-type II cells with VLDL produced a substantial increase in CT activity, thus activating the rate-limiting step for PC synthesis. There are several mechanisms by which VLDL might stimulate CT activity in these studies, including CT activation by reversible phosphorylation (55) , membrane translocation (45) , enhanced gene expression (56) , and regulation by a variety of lipids (38, 40, 57, 58) . It is possible that the increase in enzyme activity is due to cholesterol esters carried in VLDL since cholesterol has been demonstrated to increase PC synthesis in various systems (57) . However, cholesterol ester comprises only 10-15% of VLDL lipid (7), and exposure of pre-type II cells to LDL in the presence of LPL does not produce similar degrees of uptake (Fig. 1) or of enzyme activation (data not shown), making this mechanism a less likely possibility. We interpret our results as suggesting that CT activity is stimulated by the presentation of exogenous fatty activators to the enzyme that result from hydrolysis of VLDL triglyceride by the actions of LPL. Perhaps equally important, it is likely that an even greater stimulation on CT activity by these products of lipolysis would have occurred if there was not a concurrent downregulation of endogenous fatty acid synthesis (Fig. 4) . We found direct evidence to support a membrane translocation mechanism for CT activation by lipoproteins. However, we have not excluded the possibility that the fatty acids released during lipolysis of VLDL enter the cytosol, where they might promote the dephosphorylation and relocation of CT to the membrane where the enzyme might be further activated by anionic phospholipids (55, 58) .
These results can be contrasted with recent studies suggesting that primary isolates of alveolar pre-type II epithelial cells, unlike fibroblasts, cannot directly incorporate triglycerides from the culture medium (26) . Our observations suggest that lipid uptake occurs when the neutral lipids are carried by lipoprotein particles that are recognized and internalized by alveolar pre-type II epithelial cells. Alternatively, the intact VLDL particle can undergo LPL-mediated hydrolysis while anchored to cell surface proteoglycans. Both mechansims will generate fatty acid substrates to be used by cells. Only limited stimulation of surfactant production occurs in the absence of LPL's hydrolytic activity. The previously reported ability of triglyceride-loaded lung interstitial fibroblasts to stimulate surfactant synthesis in pre-type II cells (26) represents a third mechanism whereby circulating triglycerides could stimulate surfactant synthesis. Studies in vivo are needed to determine if these mechanisms are complementary under conditions where there is a high demand for surfactant production. In addition, alveolar macrophages may participate in lipid uptake for surfactant production by secretion of LPL either into interstitial or alveolar fluid (23, 24) . Because lipoprotein transport into bronchoalveolar lavage fluid is poorly understood, the physiological relevance of LPL-induced apical catabolism of lipoproteins by alveolar pre-type II epithelial cells remains to be established.
In summary, our studies demonstrate that surfactant phospholipid synthesis is stimulated by VLDL. Lipolysis of these particles by the action of LPL greatly potentiates the effects of VLDL on PC synthesis and CT activity. Future studies will need to address several important issues in this area, including the specific determinants for maximal lipolysis at the alveolar cell surface, how the lipolysis products (e.g., fatty acid and monoacylglycerol) are transferred and made directly available to CT for surfactant synthesis, and the potential role of VLDL-associated apoproteins (e.g., apoB-100, apoC, apoE) and VLDL remnant particles on surfactant metabolism. Such investigations may ultimately help determine appropriate clinical management of some pulmonary diseases. For example, it is possible that administration of these lipoproteins in vivo might attenuate functional surfactant deficiencies observed in a variety of lung disorders.
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